Cell contacts provide spatial cues that polarize early embryos and epithelial cells. The homophilic adhesion protein E-cadherin is required for contact-induced polarity in many cells. However, it is debated whether E-cadherin functions instructively as a spatial cue, or permissively by ensuring adequate adhesion so that cells can sense other contact signals. In Caenorhabditis elegans, contacts polarize early embryonic cells by recruiting the RhoGAP PAC-1 to the adjacent cortex, inducing PAR protein asymmetry.
Cell contacts provide spatial cues that polarize early embryos and epithelial cells. The homophilic adhesion protein E-cadherin is required for contact-induced polarity in many cells. However, it is debated whether E-cadherin functions instructively as a spatial cue, or permissively by ensuring adequate adhesion so that cells can sense other contact signals. In Caenorhabditis elegans, contacts polarize early embryonic cells by recruiting the RhoGAP PAC-1 to the adjacent cortex, inducing PAR protein asymmetry. Here we show that the E-cadherin HMR-1, which is dispensable for adhesion, functions together with the α-catenin HMP-1, the p120 catenin JAC-1, and the previously uncharacterized linker PICC-1 (human CCDC85A-C) to bind PAC-1 and recruit it to contacts. Mislocalizing the HMR-1 intracellular domain to contact-free surfaces draws PAC-1 to these sites and depolarizes cells, demonstrating an instructive role for HMR-1 in polarization. Our findings identify an E-cadherin-mediated pathway that translates cell contacts into cortical polarity by directly recruiting a symmetry-breaking factor to the adjacent cortex.
Cell polarity is essential for developmental events such as asymmetric division, formation of epithelial tissues and morphogenesis. Embryonic blastomeres and mesenchymal cells polarize when cellcell contacts break surface symmetry, triggering the asymmetric redistribution of cortical PAR proteins [1] [2] [3] [4] . Here the PAR proteins PAR-3 (multi-PDZ domain protein), PAR-6 (PDZ and CRIB domain protein) and atypical protein kinase C (aPKC) establish a signalling centre that elaborates contact/contact-free (apicobasal) polarity within the cell 2, 5, 6 . How symmetry-breaking cell contacts translate into intracellular PAR asymmetry and polarization is poorly understood.
In epithelial cells grown in culture, the homophilic adhesion protein E-cadherin is among the earliest proteins known to accumulate at nascent contacts between cells as they polarize [7] [8] [9] [10] . E-cadherin is required for apicobasal polarity in many epithelial cell types, and introducing E-cadherin into some mesenchymal cell types is sufficient to induce polarity [11] [12] [13] [14] [15] [16] . These findings have led to the view that E-cadherin could perform an instructive role in polarization by recruiting polarity regulators to cell contacts 17 . Candidate E-cadherin polarity effectors include regulators of trafficking, such as the exocyst complex, which co-localizes with E-cadherin at nascent cell contacts 10, 18 . However, an instructive role in polarization for the exocyst or other E-cadherin effectors has not been demonstrated.
Determining the molecular role of E-cadherin in cell polarization is complicated by its requirement for cell adhesion. For example, depleting E-cadherin from early mouse embryos prevents apicobasal PAR protein asymmetry but also severely disrupts blastomere adhesion 16 , leaving it unclear as to whether loss of polarity is secondary to loss of adhesion. Therefore, it remains possible that E-cadherin is required permissively for contact-induced polaritythat is, enabling cells to adhere sufficiently such that a cadherinindependent cue can break symmetry 19, 20 . Some invertebrate and mammalian epithelial cells can polarize in the absence of detectable surface E-cadherin 19, [21] [22] [23] , suggesting that cadherin-independent pathways contribute to polarization in at least some cell types.
In C. elegans early embryos 24, 25 (as in mammalian embryos [26] [27] [28] ), cell contacts polarize blastomeres by restricting PAR-3, PAR-6 and PKC-3 (aPKC) to contact-free surfaces. Contacts break symmetry by recruiting the Rho GTPase-activating protein (RhoGAP) PAC-1 (ARHGAP21 in humans) to the adjacent cortex. In turn, PAC-1 locally inhibits the Rho GTPase CDC-42, leaving CDC-42 active at contact-free surfaces where it recruits PAR proteins 29 . How cell contacts recruit PAC-1 to polarize cells is unknown. The sole C. elegans classic cadherin, E-cadherin homologue HMR-1, also localizes to blastomere cell contacts, although in contrast to E-cadherin in other species HMR-1 is not required for adhesion at this stage 21, 30 . Here, we investigate the mechanisms responsible for PAC-1 asymmetry. We show that HMR-1 performs an instructive role in polarization by recruiting PAC-1 to contact sites. 
RESULTS
The PAC-1 N-terminal domain mediates cell contact localization As a first step in determining how PAC-1 is recruited to cell contacts, we performed structure-function experiments to define the domains within PAC-1 responsible for its localization. We detected two distinct isoforms of pac-1 messenger RNA in embryos-a fulllength isoform predicted to encode a protein with central pleckstrin homology (PH) and RhoGAP domains, and a short isoform whose predicted product lacks the amino-terminal region and PH domain but retains the RhoGAP domain ( Fig. 1a ). Existing pac-1 mutations affect both full-length and short isoforms ( Fig. 1a ) 29 . However, an RNA interference (RNAi) probe specific to the full-length isoform caused polarity defects identical to those of pac-1 mutants: PAR-6, which in the wild type is restricted to contact-free surfaces ( Fig. 1b , 17/17 embryos), instead localized to both contact-free and contacted surfaces ( Fig. 1c , 34/34 embryos). Furthermore, full-length PAC-1 tagged N-terminally with mCherry ( Fig. 1a ) localized to cell contacts ( Fig. 1d , 18/18 embryos) and rescued the PAR-6 polarity defects of pac-1 mutants (30/30 embryos). These findings indicate that the fulllength PAC-1 isoform, which we refer to hereafter as PAC-1, mediates blastomere polarization.
To determine which PAC-1 domains mediate contact localization, we examined PAC-1 fragments fused to green fluorescent protein (GFP; Fig. 1e ; transgene expression quantified in Supplementary  Fig. 1a ). Full-length GFP-PAC-1 localized to cell contacts, indistinguishably from mCherry-PAC-1 (Fig. 1f , 20/20 embryos). Deleting the PH domain ( Fig. 1g , 81/84 embryos) or catalytically inactivating the RhoGAP domain 29 did not prevent GFP-PAC-1 contact localization. In contrast, removing amino acids 1-574 from the N-terminal domain resulted in cytoplasmic localization ( Fig. 1h , 25/25 embryos), whereas the N-terminal domain alone fused to GFP localized to cell contacts ( Fig. 1i , 103/103 embryos). The N-terminal domain still localized to cell contacts in embryos lacking endogenous PAC-1 ( Fig. 1j , 23/23 embryos; see Supplementary Fig. 1b ,c for RNAi controls), excluding the possibility that the endogenous protein recruits it there. We conclude that a region of the PAC-1 N terminus contained within amino acids 1-574, hereafter PAC-1 N , is both necessary and sufficient for contact localization.
The homophilic adhesion protein HMR-1 contributes to PAC-1 localization
A potential mechanism for localizing PAC-1 is through coupling to a transmembrane protein, such as E-cadherin, that is restricted to cell contacts by homophilic interactions. As the E-cadherin homologue HMR-1 and PAC-1 are both found at cell contacts between blastomeres ( Fig. 2a,a ) , we performed a series of experiments to determine whether HMR-1 has a role in localizing PAC-1. First, we created chimaeric cell contacts to determine whether HMR-1, like mammalian E-cadherin 31 , localizes to contacts only when it is present in both touching cells. HMR-1-GFP was enriched at contacts created by combining cells expressing HMR-1-GFP with unmarked wild-type cells (Fig. 2b ,c-c , 10/10 embryos). In contrast, HMR-1-GFP was not enriched at chimaeric contacts between cells expressing HMR-1-GFP and unmarked cells lacking detectable HMR-1 (Fig. 2b,d -d , 8/8 embryos), which we created by combining a hmr-1 mutant with hmr-1 RNAi as described previously 32 . To determine whether wildtype and hmr-1 cells make effective contacts with each other, we analysed the localization of GFP-PAR-2, which is recruited to cell contacts independently of HMR-1 (ref. 30 ). GFP-PAR-2 was enriched at chimaeric contacts between wild-type and hmr-1 cells ( Fig. 2e ,e , 10/10 embryos), confirming that HMR-1 is not needed for cell contact formation. We conclude that HMR-1 cannot localize to a cell contact unless it is present in both touching cells, strongly suggesting that HMR-1 localizes to cell contacts through homophilic interactions.
To determine whether HMR-1 has a role in recruiting PAC-1 to cell contacts, we compared the localization of full-length PAC-1 and a subset of PAC-1 deletion fragments in wild-type and hmr-1 embryos. Full-length mCherry-PAC-1 localized to cell contacts in hmr-1 embryos ( Fig. 1k ,l, 16/16 embryos), although the relative amount at cell contacts versus the cytoplasm was slightly but significantly reduced compared with the wild type ( Fig. 1m ). In contrast, GFP-PAC-1 N , which is found at cell contacts in wild-type embryos ( Fig. 1n ), did not localize to cell contacts in hmr-1 embryos ( Fig. 1o ; quantified in Fig. 3b ). We draw two conclusions from these observations. First, because HMR-1 is required to localize PAC-1 N but only contributes partially to localizing full-length PAC-1, we infer that HMR-1 has a partially redundant role in localizing PAC-1 together with an HMR-1-independent pathway. Second, because PAC-1 fragments that lack the N-terminal domain but retain the remainder of the protein do not localize in wild-type embryos, the PAC-1 N-terminal domain is essential for both the HMR-1-dependent and HMR-1-independent localization mechanisms.
We next examined GFP-PAC-1 PH in hmr-1 mutants. In contrast to wild-type embryos, in which GFP-PAC-1 PH localizes to contacts (see Fig. 1g ), GFP-PAC-1 PH was present in the cytoplasm of hmr-1 embryos ( Fig. 1p , 53/55 embryos). This finding indicates that the redundant HMR-1-independent localization mechanism requires the PH domain, and that HMR-1 becomes essential for localizing PAC-1 when the redundant pathway is compromised. Despite the importance of the PH domain in the hmr-1 mutant background, its function is dispensable in wild-type embryos because GFP-PAC-1 PH localized to contacts and rescued the polarity defects of pac-1 mutant embryos ( Supplementary Fig. 2 ). This finding suggests that the HMR-1 pathway is sufficient to polarize cells when the redundant PAC-1 localization mechanism is compromised.
The p120 catenin JAC-1 and the α-catenin HMP-1 recruit PAC-1 to HMR-1
Next, we focused on identifying the molecular links between HMR-1 and the PAC-1 N-terminal domain that help recruit PAC-1 to cell contacts. Like mammalian E-cadherin, the HMR-1 intracellular domain interacts with different catenins through distinct binding domains (summarized in Fig. 3a ): the β-catenin HMP-2 binds to a carboxy-terminal domain and recruits the α-catenin HMP-1, whereas the p120 catenin JAC-1 catenin binds to a juxtamembrane domain 33, 34 .
To determine whether catenins provide a link between PAC-1 and HMR-1, we compared the relative level of GFP-PAC-1 N at cell contacts in wild-type embryos and in embryos depleted of HMP-2, HMP-1 or JAC-1. hmp-2 and hmp-1 zygotic mutants arrest during midembryogenesis 21 , so homozygous null mutant embryos lacking both maternal and zygotic protein cannot be easily obtained. However, RNAi knockdown of HMP-2 or HMP-1 caused an equivalent partial loss of GFP-PAC-1 N from contacts, which we quantified in live embryos ( Fig. 3b-d and Supplementary Fig. 3 ). As knockdown of HMP-2 or HMP-1 eliminated HMP-1 immunostaining at cell contacts ( Supplementary Fig. 4a ,b,g), we infer that HMP-1 has a partially redundant role in recruiting PAC-1, and that the contribution of HMP-2 could be limited to localizing HMP-1.
The expression and function of jac-1 had not been examined in early embryos 34 . To determine whether JAC-1 is expressed, we raised an antibody against the conserved Armadillo repeats, which mediate the interaction between JAC-1 and HMR-1 in worms and between p120 catenin and E-cadherin in mammals 34, 35 . Anti-JAC-1 stained cell contacts, which we verified by constructing a GFP-JAC-1 fusion protein ( Supplementary Fig. 4c-e ). To assess jac-1 function, we deleted most of the jac-1 gene, including the Armadillo repeat region ( Supplementary Fig. 4i ). jac-1 embryos were viable (wild type: 98% viable, n = 555; jac-1: 99% viable, n = 641), but showed a partial loss of GFP-PAC-1 N from cell contacts, similar to hmp-1(RNAi) embryos ( Fig. 3b ,e; statistical comparisons in Supplementary   Table 1 ). Removing HMP-1 in jac-1 embryos caused a complete loss of GFP-PAC-1 N from contacts, as in hmr-1 embryos (Fig. 3b ,f and Supplementary Table 1 ), indicating that HMP-1 and JAC-1 each contribute partially to PAC-1 localization.
HMP-1-GFP localized normally in jac-1 embryos, and GFP-JAC-1 localized normally in hmp-1(RNAi) embryos ( Supplementary  Fig. 5a -f), indicating that JAC-1 and HMP-1 are likely to regulate PAC-1 independently rather than through cross-regulation. To determine whether JAC-1 or HMP-1 depletion could affect PAC-1 localization indirectly by altering HMR-1 levels, we measured the amount of HMR-1-GFP at cell contacts in live embryos. HMR-1-GFP levels at cell contacts were equivalent in wild-type, hmp-1(RNAi), jac-1 and jac-1 hmp-1(RNAi) embryos ( Supplementary Fig. 5g -k). Endogenous HMR-1 protein was also equivalent in immunostained wild-type and jac-1 hmp-1(RNAi) embryos ( Supplementary Fig. 5l,m) . In contrast, both HMP-1 and GFP-JAC-1 localization was lost from cell contacts in hmr-1 embryos ( Supplementary Fig. 4f ,h). Together, these results indicate that JAC-1 and HMP-1 function independently and in parallel, downstream of HMR-1, to help recruit PAC-1 to cell contacts. The mean values of jac-1, hmp-1(RNAi), jac-1 + hmp-1(RNAi), and hmr-1 all differ significantly from the control (P < 10 −8 ). The mean of jac-1 + hmp-1(RNAi) differs significantly from both jac-1 and hmp-1(RNAi) (P < 10 −8 ) but is not significantly different from hmr-1. See Supplementary  Table 1 for Mann-Whitney U test statistical comparisons. (c-f) Images of GFP-PAC-1 N in live four-cell embryos of the indicated genotype (see Fig. 1o for comparison with hmr-1). Control embryos are wild-type embryos fed on bacteria containing RNAi empty vector. jac-1 mutant embryos were also fed empty vector RNAi bacteria. Scale bars, 10 µm.
The coiled-coil protein PICC-1 links PAC-1 to JAC-1
We performed yeast two-hybrid experiments to search for a physical link between PAC-1 and the catenins. As direct two-hybrid tests between PAC-1 N and HMP-1 or JAC-1 did not reveal an interaction ( Supplementary Fig. 7a ), we searched for linker proteins by screening a library of mixed-stage complementary DNAs using PAC-1 2−610 as bait. The most commonly captured prey clone was F29G9.2, an uncharacterized conserved gene homologous to the poorly characterized human genes CCDC85A (coil-coil domain-containing protein 85A), CCDC85B (also known as DIPA) and CCDC85C ( Supplementary  Fig. 6b ). Like its human homologues, F29G9.2 is predicted to encode a protein with multiple coiled-coil domains. Accordingly, we renamed it picc-1 (PAC-1-interacting coiled-coil protein 1). CCDC85B was recently shown to bind p120 isoform 1A (refs 36, 37) . To determine whether PICC-1 functions analogously by recruiting PAC-1 to JAC-1 and therefore to HMR-1, we first created transgenes that express GFP-PICC-1 from either endogenous or heterologous regulatory sequences. In wild-type (80/80 embryos) and pac-1(RNAi) (35/35 embryos) early embryos, GFP-PICC-1 localized to cell contacts ( Fig. 4a,b ). However, GFP-PICC-1 was absent from contacts in hmr-1 (50/50 embryos) and jac-1 (44/44 embryos) mutants ( Fig. 4c and Supplementary Fig. 6c ). In contrast, GFP-PICC-1 remained at cell contacts in hmp-1(RNAi) embryos (31/31 embryos, Supplementary Fig. 6d ), suggesting that PICC-1 functions downstream of JAC-1 but independently of HMP-1. To determine whether PICC-1 has a role in recruiting PAC-1 downstream of JAC-1, we deleted the picc-1 gene (see Supplementary Fig. 6a ) and examined the localization of GFP-PAC-1 N in single and double mutant combinations. Like jac-1 mutants, picc-1 mutants were viable (97% viable, n = 437), allowing us to obtain early embryos lacking maternal and zygotic PICC-1 Supplementary Fig. 8 .
protein. As in jac-1 and hmp-1(RNAi) embryos, GFP-PAC-1 N was partially lost from cell contacts in picc-1 embryos ( Fig. 4d ,e,h and Supplementary Table 1 ). In addition, GFP-PAC-1 N was partially lost from contacts in jac-1; picc-1 double mutant embryos, similar to each single mutant (Fig. 4f,h and Supplementary Table 1 ). In contrast, GFP-PAC-1 N was absent from cell contacts in picc-1 hmp-1(RNAi) embryos (Fig. 4g,h) , similar to jac-1 hmp-1(RNAi) embryos ( Supplementary  Table 1 ). Together, these observations indicate that PICC-1 functions downstream of HMR-1 and JAC-1, and in parallel to HMP-1, to help recruit PAC-1 to cell contacts.
To determine whether PICC-1 recruits PAC-1 by physically linking it to JAC-1 and therefore indirectly to the HMR-1 intracellular domain, we performed a combination of yeast two-hybrid tests and immunoprecipitations. In direct two-hybrid tests, PICC-1 interacted with both PAC-1 N and with JAC-1 (Fig. 5a , controls in Supplementary Fig. 7a ), and we recapitulated the previously reported interaction between JAC-1 and the HMR-1 intracellular domain ( Supplementary Fig. 7a) 34 . To examine interactions in vivo, we performed co-immunoprecipitation experiments using lysates from embryos expressing GFP-PICC-1. Anti-JAC-1 antiserum detected four distinct JAC-1 species in embryonic extracts (apparent relative molecular mass: 121,000 (121K), 137K, 158K and 170K), which we verified were specific by analysing jac-1(xn15) mutant extracts (Fig. 5b) . Immunoprecipitation with anti-JAC-1 pulled down all four JAC-1 species and co-immunoprecipitated PICC-1-GFP from otherwise wild-type embryos, but not from jac-1 mutant embryos expressing PICC-1-GFP ( Fig. 5b ). Reciprocal immunoprecipitation experiments using anti-GFP antibodies to pull down PICC-1-GFP co-immunoprecipitated JAC-1 ( Supplementary Fig. 7b ). We next searched for an in vivo interaction between PICC-1 and PAC-1 by performing immunoprecipitation experiments in a strain expressing both PICC-1-GFP and mCherry-HA-PAC-1. Immunoprecipitation with anti-GFP pulled down PICC-1-GFP and co-immunoprecipitated mCherry-HA-PAC-1 (Fig. 5c ). Reciprocal immunoprecipitation experiments using anti-HA antibodies pulled down mCherry-HA-PAC-1 and coimmunoprecipitated PICC-1-GFP ( Supplementary Fig. 7 ). We conclude that PICC-1 can interact with JAC-1 and PAC-1 in both yeast and C. elegans embryonic extracts.
HMR-1 is sufficient to ectopically recruit PAC-1 and depolarize cells
Our analysis of the catenins and PICC-1 suggested that HMR-1 performs an instructive role in polarization by recruiting PAC-1 to cell contact sites. We tested this hypothesis directly by examining whether mislocalizing the HMR-1 intracellular domain (HMR-1 ICD ) to contact-free surfaces recruited GFP-PAC-1 to these sites. To mislocalize HMR-1 ICD , we fused it to the rat PLC1δ1 PH domain, which targets proteins to the plasma membrane of C. elegans blastomeres 38, 39 . HA-tagged PH-HMR-1 ICD expressed from a heat-shock promoter localized uniformly around the plasma membrane ( Fig. 6a) , did not disrupt cell adhesion (as assessed by staining with the cell contact marker SAX-7, Fig. 6d,e ), and retained its ability to bind HMP-1 and JAC-1 (arrows, Fig. 6b,c) . PH-HMR-1 ICD also recruited GFP-PAC-1 to contact-free surfaces (arrow, Fig. 6a ). Preventing catenin interactions by mutating the juxtamembrane domain and deleting the C-terminal domain (PH-HMR-1 ICD-M ), which prevents binding of JAC-1 and HMP-2 (and therefore HMP-1), respectively 33, 34 (Fig. 6g,h) , blocked the recruitment of GFP-PAC-1 to contact-free surfaces (Fig. 6f ) .
To determine whether blastomeres depolarized when HMR-1 ICD recruited PAC-1 to contact-free surfaces, we immunostained embryos for PAR-6. In contrast to control heat-shocked embryos and embryos expressing HMR-1 ICD-M , where PAR-6 was markedly enriched at contact-free surfaces (Fig. 6i,k) , PH-HMR-1 ICD -expressing embryos had greatly reduced levels of PAR-6 at the cell cortex (Fig. 6j) ; this is the result expected if PAC-1 recruited to contact-free surfaces by the HMR-1 ICD represses CDC-42 at these sites, because CDC-42 is required for cortical PAR-6 recruitment 29 . We quantified these results by measuring the 'polarity index'-defined as the ratio of PAR-6 levels at a contact-free surface divided by half the PAR-6 levels at a cell-cell contact ( Fig. 6l ). Depleting PAC-1 in embryos expressing PH-HMR-1 ICD resulted in high levels of PAR-6 at all cell surfaces (Fig. 6m, 15/15  embryos) , demonstrating that the loss of PAR-6 requires PAC-1, and indicating that PAC-1 functions downstream of the HMR-1 intracellular domain to mediate polarization. Together, these results demonstrate that HMR-1 performs an instructive role in contact-induced cell polarization by recruiting the symmetry-breaking polarity regulator PAC-1 to the adjacent cortex, and that PAC-1 recruitment depends on the ability of catenins to bind the HMR-1 intracellular domain.
DISCUSSION
Our findings identify a pathway that translates cell contact cues into polarity within the cell. We showed previously that the RhoGAP PAC-1 breaks cortical symmetry in C. elegans blastomeres when it is recruited to cell contacts, thereby inducing PAR protein asymmetry 29 .
Here, we identify the E-cadherin HMR-1 as a contact-directed cell surface cue that recruits PAC-1, translating polarity information from the cell surface to the adjacent cortex. We have identified physical interactions between the p120 catenin JAC-1, which binds the HMR-1 intracellular domain, and a conserved linker protein (PICC-1) that couples PAC-1 to the cadherin-catenin complex. Our experiments suggest a simple model for polarization ( Fig. 7) , wherein homophilic interactions between HMR-1 proteins on adjacent cells stabilize HMR-1 at contacts, resulting in recruitment of catenins, PICC-1 and PAC-1. JAC-1 functions by bringing PICC-1 to the cadherin-catenin complex, whereas the α-catenin HMP-1 contributes to PAC-1 localization through an unknown, independent mechanism. Once at the cortex, PAC-1 locally inactivates CDC-42 to exclude PAR proteins from contacts 29 , inducing a contact/contact-free PAR protein asymmetry that polarizes cells. E-cadherin provides an ideal cue for inducing contactmediated polarization, as it is able to self-assemble at contacts through homophilic interactions, and to translate polarity information to the cytoplasm through catenins and their effectors. As full-length PAC-1 is still present at cell contacts when HMR-1 is depleted, our findings also point to the existence of a redundant E-cadherin-independent polarization cue. It is tempting to speculate that the redundant cue involves another self-assembling adhesion protein. Alternatively, given that the redundant pathway requires the PAC-1 PH domain, the cue could be a lipid that is preferentially enriched at cell contacts. As E-cadherin is crucial for epithelial cell adhesion in most species 4, 40 , its molecular role in contact-induced polarization has been difficult to ascertain. In particular, it is debated whether Ecadherin directly recruits symmetry-breaking factors to cell contacts (functioning instructively), or if cadherin-mediated cell adhesion is a prerequisite for polarity triggered by a cadherin-independent cue (functioning permissively) 19, 20 . Complicating this debate, some cell types that normally polarize in the context of neighbouring cells, such as Xenopus blastomeres [41] [42] [43] or mammalian intestinal epithelial cells 44 , can do so in the absence of cell-cell contact on specific pharmacological or genetic perturbations. As C. elegans early embryos do not require HMR-1 for cell adhesion, we have been able to separate its roles in adhesion and polarization. Our findings indicate that HMR-1 functions instructively in polarization by recruiting the symmetry-breaking polarity regulator PAC-1 to cell contacts. This conclusion is based on our observations that: HMR-1 has a partially redundant role in localizing PAC-1; PAC-1, PICC-1, JAC-1 and the HMR-1 intracellular domain exhibit protein-protein interactions; and the HMR-1 intracellular domain, when targeted to contactfree surfaces, recruits PAC-1 to these sites and depolarizes cells. Redundancy with other polarization pathways (such as the one revealed in this study), rather than lack of an instructive function, could explain why E-cadherin is dispensable for the polarization of some epithelial cells 19, 21, 23 . The highly conserved polarization pathway we describe here could perform a similar function in contact-induced polarity within mammals. In particular, given the requirement for E-cadherin in polarizing mammalian blastomeres 16 , it will be important to establish whether E-cadherin functions in this context by recruiting PICC-1 and PAC-1 homologues. Little is known about the in vivo functions of the three picc-1 homologues (CCDC85A-C) and two pac-1 homologues (ARHGAP21 and ARHGAP23). However, experiments using cultured cell lines have identified some of the same interactions we describe here. For example, ARHGAP21 associates with Ecadherin, binds directly to α-catenin, and localizes to adherens junctions 45, 46 . Moreover, CCDC85B binds p120 (ref. 36) , and both CCDC85B and CCDC85C localize to junctions 36, 47 . Thus, PAC-1 and PICC-1 homologues are likely to have conserved roles in signalling downstream of E-cadherin, and perhaps in the contact-mediated polarization of blastomeres and epithelial cells.
METHODS

Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb3168 METHODS Strains. hmr-1 embryos were of the genotype hmr-1(zu389); xnEx42 [hmr-1(+), Pdpy-7::rfp, Pend-1::gfp] + hmr-1(RNAi), as described previously 32 . All unc-119 mutants were unc-119(ed3). The following strains were used: N2 (wild type), FT93: pac-1(xn6), FT99: Identification of pac-1 transcripts. Putative transcriptional start sites were identified through analysis of annotated SL1 splice leader sequences (WormBase, WS241). Two distinct cDNAs that differed in their 5 end (full-length pac-1 and short pac-1; see Fig. 1a ) were amplified from embryonic mRNA that was reversetranscribed (additional pac-1 isoforms are predicted on WormBase but these were not identified). cDNAs were cloned into Gateway entry clone pDONR221 and sequenced. Full-length pac-1 corresponds to C04D8.1b and short pac-1 corresponds to C04D8.1d (WormBase, WS241).
jac-1 and picc-1 deletions. jac-1 and picc-1 deletion alleles were created using MosDEL (ref. 48 ). For jac-1, Mos insertion ttTi3732, which resides within the fifth jac-1 intron, was excised. Sequence from the ttTi3732 insertion site to the stop codon of jac-1 was replaced with the unc-119 gene from C. briggsae, creating jac-1(xn15). For picc-1, Mos insertion ttTi25649, which resides within the first picc-1 intron, was excised. Sequence from the ttTi25649 insertion site to the picc-1 3 UTR was replaced with the unc-119 gene from C. briggsae, creating picc-1(xn14).
Transgenes. Ppac-1::mCherry-pac-1 was created by recombineering fosmid WRM063aE11, using SW102 cells and galK selection as described previously 49 . mCherry containing introns was inserted immediately after the start codon of full-length pac-1. Sequence 4,061 bp upstream of the start codon and 554 bp downstream of the stop codon were recombined into plasmid pPUB (ref. 50) by gap repair.
For Ppac-1::mCh-ha-pac-1, mCherry and tandem ha sequences were recombineered into the identical position of the pac-1 fosmid. The entire recombineered fosmid was transformed into SW106 cells, and unc-119(+) from plasmid pLoxP unc-119 was inserted into the vector LoxP site as described previously 51 .
Ppicc-1::picc-1-gfp was created by recombineering fosmid WRM0651cF11 as described above. gfp was inserted just 5 to the picc-1 stop codon. Sequence 3,331 bp upstream of the start codon and 378 bp downstream of the stop codon were recombined into plasmid pPUB.
For pac-1 structure-function constructs, entry clones containing the indicated sequences were produced by PCR-modification of a full-length pac-1 cDNA entry clone 29 . Entry clones were recombined into destination vector pID3.01B (ref. 52) to create fusions with gfp.
Ppie-1::gfp-picc-1 was created by recombining a full-length picc-1 cDNA entry clone (corresponding to WormBase transcript F29G9.2a) into destination vector pID3.01B.
Phmp-1::hmp-1-gfp was obtained from the TransgenOme Project 53 . Ppie-1::gfp-jac-1 was created by recombining a full-length jac-1 cDNA entry clone (corresponding to WormBase transcript Y105C5B.21a) into destination vector pID3.01B.
For Phsp16::ha-ph plc1∂1 -hmr-1 ICD , hmr-1 cDNA encoding the intracellular domain (corresponding to amino acids 1,104-1,223 of the hmr-1a transcript) was amplified and cloned into a Gateway entry vector containing sequences encoding the PH domain from rat PLC1δ1 (PH PLC1δ1 was amplified from GFP-PH PLC1δ1 ; ref. 38 ). The ph PLC1δ1 -hmr-1 ICD entry plasmid was subsequently cloned into a modified version of pCD6.09AP containing tandem ha sequences 39 using Gateway recombination.
For Phsp16::ha-ph plc1∂1 -hmr-1 ICD-M , the catenin-binding domain from the Phsp16::ha-ph plc1∂1 -hmr-1 ICD construct (corresponding to HMR-1 amino acids 1,124-1,223; ref. 33 ) was removed using PCR. Site-directed mutagenesis was performed on the resulting plasmid to mutate the juxtamembrane domain, as described previously 34 .
Primer sequences used in transgene construction can be found in Supplementary Table 2 .
Worm transformation. Ppac-1::mCherry-pac-1, Ppac-1::mCh-ha-pac-1, Ppicc-1::picc-1-gfp , Ppie-1::gfp-picc-1, Ppie-1::gfp-jac-1 transgenes and all transgenes for pac-1 structure-function were integrated into unc-119(ed3) worms using biolistic transformation 54 . Phsp16::ha-ph plc1∂1 -hmr-1 ICD and Phsp16::ha-ph plc1∂1 -hmr-1 ICD-M were micro-injected to produce extrachromosomal arrays 55 .
RNAi. Feeding RNAi was performed as described previously 56 . hmr-1 RNAi was performed using a previously described hmr-1 feeding construct 57 . For pac-1 RNAi, the C04D8.1 clone from the Ahringer RNAi feeding library was used 58 . For hmp-1 RNAi, a probe targeting bases 2,163 to 2,856 (corresponding to WormBase transcript R13H4.4a) was cloned into vector pPD129. 36 (ref. 59) . For RNAi against the 5 end of pac-1, a probe targeting bases 4 to 981 of full-length pac-1 was cloned into pPD129.36. For hmp-2 RNAi, dsRNA against bases 1,221-2,034 (corresponding to WormBase transcript K05C4.6a) was synthesized in vitro and injected at a concentration of 1 µg µl −1 into young adult worms; F1 embryos were collected 24 h later and analysed.
Quantifying expression levels of gfp-pac-1 strains. Total fluorescence values
were obtained in a central focal plane of four-cell embryos expressing each GFP fusion. Using equivalent camera exposures, average background fluorescence (wildtype four-cell embryos) was subtracted from the average fluorescence value for each strain. Signals were integrated over the area of the embryo.
Quantifying contact enrichment of fluorescently tagged proteins. For live
four-cell embryos expressing fluorescently tagged proteins, the contact enrichment was calculated as the ratio of the average intensity of a forty-pixel line along the ABa and ABp contact over the average intensity of a forty-pixel line within the ABa cytoplasm. Identical exposure settings were used for all genotypes. For HMR-1-GFP chimaeras, contact enrichment was determined by measuring the average value at all chimaeric contacts between AB lineage cells and taking a ratio with the average cytoplasmic intensity within the HMR-1-GFP-expressing cells. Only embryos with all chimaeric contacts visible in one plane were measured. ImageJ was used for intensity measurements.
Antibody production. Rabbit affinity-purified custom polyclonal antibodies were produced at Covance using the following peptides (JAC-1: CESPHLGHHDVVKYVEAERF, HMR-1: CAPYDELRIYDDERDN). Specificity of the antiserum for immunofluorescence was determined by comparing wild-type embryos to jac-1(xn15) embryos or hmr-1 embryos. In addition to specific staining of cell contacts, anti-JAC-1 antiserum also showed nonspecific nuclear staining. Immunoblotting specificity of the anti-JAC-1 antibody was determined by comparing wild-type and jac-1(xn15) embryonic lysates.
Yeast two-hybrid screen and direct interaction tests. Two-hybrid screening was performed using the ProQuest vector system and manufacturer's protocol (Invitrogen). PAC-1 2−610 fused to the GAL4 DNA-binding domain (created from the pac-1 2−610 entry clone and the pDEST32 destination vector using Gateway recombination) was used to screen a prey library consisting of commercial mixed-stage C. elegans cDNAs fused to the GAL4 activation domain (Invitrogen no. 11288-016, discontinued and a gift from J. Hubbard). A total of 2.6 × 10 6 clones were screened on SC -Leu -Trp -His agar plates containing 35 mM 3AT. Colonies growing under these conditions were retested on SC -Leu -Trp -Ura plates, and were screened for β-galactosidase activity using the manufacturer's protocol. For prey clones positive for all three assays, DNA was isolated and sequenced, then retransformed into yeast containing bait plasmid and retested for growth on SC -Leu -Trp -His containing 35 mM 3AT. Fifteen clones of F29G9.2, at least 5 of which were independent, were identified.
Direct interaction tests were performed using the ProQuest vector system and SC -Leu -Trp -His plates containing 50 mM 3AT, following the manufacturer's protocol. The following cDNAs were cloned into the GAL4 DNA-binding domain destination vector, pDEST32: pac-1 1−574 , hmp-1 (corresponding to WormBase transcript R13H4.4A), and full-length picc-1 (corresponding to WormBase transcript F29G9.2a). The following cDNAs were cloned into the GAL4 activation domain destination vector, pDEST22: pac-1 1−574 , full-length jac-1 (corresponding to WormBase transcript Y105C5B.21a), hmp-2 (corresponding to WormBase transcript K05C4.6A), and hmr-1 1104−1223 . Interaction experiments shown in Fig. 5a were performed three times, and a representative example is shown. Interaction experiments shown in Supplementary Fig. 7a were performed twice, except for the DBD-HMR-1 ICD + AD-JAC-1 control experiment (performed once) and the DBD-PICC-1 + AD-empty vector control experiment (performed twice). Representative examples are shown.
Embryo lysis and immunoprecipitation. Approximately 50 µl to 100 µl frozen embryos were thawed on ice and three to four volumes of lysis buffer (50 mM Tris pH 7.5, 100 mM KCl, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1.5 mM MgCl 2 , 100 mM phenylmethanesulphonyl fluoride, 20 mM β-glycerophosphate, 1 Roche Complete protease inhibitor tablet/10 ml lysis buffer) was added. NaCl was omitted from the lysis buffer for immunoprecipitations of PICC-1-GFP and mCherry-HA-PAC-1. After homogenization with a plastic pestle, embryo lysates were sonicated (Branson analog microtip sonicator, 30% amplitude) three times for 15 s with one minute on ice between rounds. The soluble fraction was recovered following centrifugation at 16,000g at 4 • C for 20 min. Protein concentrations were determined using a detergent-compatible Bradford reagent (Bio-Rad Laboratories). Both the protein concentration and total protein content between control and experimental samples were equalized before beginning immunoprecipitation experiments.
For immunoprecipitation, whole-embryo lysates were pre-cleared by adding 30 µl of protein A/G-agarose beads (Santa Cruz Biotechnologies) for 1 h at 4 • C. Pre-cleared supernatants were incubated with monoclonal mouse anti-GFP (Roche Applied Science, no. 11-814-460-001, clones 7.1 and 13.1, 4 µg ml −1 ), polyclonal rabbit anti-JAC-1 antibody (6.7 µg ml −1 ), or monoclonal mouse anti-HA antibody (Covance, no. MMS-101P, clone 16B12, 10 µg ml −1 ) overnight at 4 • C. Twenty microlitres of protein A/G-agarose beads was added to the samples the following day for 3 h at 4 • C. Beads were washed 5× for 10 min in lysis buffer at 4 • C. After removing the final wash, beads were boiled in 1× Laemmli buffer containing 100 mM dithiothreitol for 10 min at 90 • C, and following centrifugation the supernatant was loaded onto 4-12% Bis-Tris SDS-PAGE gels (Invitrogen) for immunoblot analysis. For western analysis, proteins were transferred to nitrocellulose membranes and probed using standard techniques. Primary antibodies (listed below) were used at the following concentrations (anti-GFP, 1:1,000; anti-JAC-1, 1:10,000; anti-HA, 1:1,000). HRP-conjugated secondary antibodies (sheep anti-mouse IgG, Amersham, no. NA931, 1:10,000; mouse antirabbit IgG light chain, Jackson Immunoresearch Laboratories, no. 211-032-171 1:50,000) and the ECL Prime kit (Amersham) were used for detection.
Immunostaining. Embryos were freeze-fractured, fixed in methanol or methanol and paraformaldehyde, and stained as described previously 29 . The following primary antibodies were used: rabbit anti-PAR-6 1:20,000 (ref. 60 ), rabbit anti-GFP 1:1,000 (AbCam, no. Ab6556.25), mouse anti-HMP-1 1:10 (ref. 21) , rabbit anti-HMR-1 1:10,000, mouse anti-HA 1:1,000 (Covance, no. MMS-101P, clone 16B12), rabbit anti-HA 1:1,600 (Cell Signaling Technologies, no. 3724), rabbit anti-JAC-1 1:1,000, mouse anti-SAX-7 1:5 (Developmental Studies Hybridoma Bank) 61 .
Blastomere recombination. Embryos were treated with alkaline hypochlorite, placed in Shelton's growth medium, and the vitelline membrane was removed by trituration using a 30 µm micropipette (FHC) as described previously 62 . To create chimaeric contacts, embryos within a depression slide were pushed together using a mouth pipette.
Ectopic PH-HMR-1 ICD expression. Gravid transgenic worms (Rollers) were heat-shocked at 34 • C for one hour. Worms were chopped in room temperature M9 buffer to liberate embryos, which were fixed, co-stained for HA and either PAR-6, GFP, HMP-1 or JAC-1. Polarity index was quantified in 8-12-cell embryos. Polarity index measurements were obtained by determining the ratio of the average intensity of a forty-pixel line along the contact-free surface of an AB lineage cell versus half of the average intensity of a forty-pixel line at that cell's contact with a neighbouring AB cell. ImageJ was used for intensity measurements. Heat-shocked control embryos were siblings that did not carry the Phsp16::ha-ph plc1∂1 -hmr-1 ICD or Phsp16::haph plc1∂1 -hmr-1 ICD-M transgenic array (identified by absence of HA immunostaining). Embryos with weak or cytoplasmic HA staining, which indicates poor fixation, were excluded from the analysis.
Image acquisition. Images were captured using a Zeiss AxioImager, ×40, 1.3 NA objective, and a Hamamatsu Orca-R2 camera. Images of fixed embryos were deconvolved using AxioVision software, and are shown as maximum intensity projections of 3-5 adjacent planes spaced 0.3 µm apart. For experiments where images of live embryos were quantified, images were captured using equal exposures. Exposures were measured on the day of the experiment by imaging at least six control embryos for a given experiment and taking the average exposure across all embryos. Images were cropped, rotated, and levels were adjusted in ImageJ and Adobe Photoshop.
Statistical analysis.
Statistical tests used and sample sizes for each group are indicated in the figure legends. No statistical method was used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment.
